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Antivenom antibody titers following administration of rattlesnake venom for antivenom production in horses are well docu-
mented; however, antivenom antibody titers following natural rattlesnake envenomation in horses are not. Antibody titers pro-
duced in response to the commercially available rattlesnake venom vaccine are also not published. Our study objectives were to
measure antivenom antibody titers in rattlesnake-bitten horses and compare them to titers in horses vaccinated with the rattle-
snake venom vaccine. Additionally, titers were compared in pregnant versus nonpregnant horses to assess the affect of preg-
nancy on vaccine response and were measured pre- and postsuckle in foals of vaccinated mares to detect passive transfer of vac-
cine immunoglobulins. Blood samples were collected from16 rattlesnake-bitten horses. Thirty-six horses (11 pregnant mares, 12
nonpregnant mares, 13 geldings) were vaccinated using a Crotalus atrox venom toxoid vaccine. Blood was collected before ad-
ministering each vaccination and 30 days following the third vaccination. Blood was collected from foals of vaccinated mares
pre- and postsuckle. All serum was assayed for anti-Crotalus atrox venom antibodies using an enzyme-linked immunosorbent
assay (ELISA). Rattlesnake-bitten horses had higher (P = 0.001) titers than vaccinated horses. There was no significant differ-
ence between titers in vaccinated pregnant versus nonpregnant horses. One mare had a positive titer at foaling, and the foals had
positive postsuckle titers. Antivenom antibody titer development was variable following natural envenomation and vaccination,
and vaccine-induced titers were lower than natural envenomation titers. Further studies are required to determine if natural or

vaccine antivenom antibody titers reduce the effects of envenomation.

Antibody titers are frequently measured in horses used for the
production of various antivenoms (1). Little is known, how-
ever, about antivenom antibody titers produced in horses follow-
ing natural rattlesnake envenomation or following vaccination
with the commercially available rattlesnake venom toxoid vac-
cine. Information is not available on the duration that antivenom
antibody titers persist following natural envenomation and
whether or not they protect horses against the adverse effects of
venom in subsequent envenomations (2). Clinical signs, labora-
tory responses, and clinical outcomes following natural rattle-
snake envenomation vary in horses, and it is unknown whether
differing immune responses play a part in this variability (3-5). In
mice, it has been shown that circulating antivenom antibodies
present at the time of, or shortly after, experimental envenoma-
tion are effective at decreasing the toxic effects of venom (6). In
people bitten by the king cobra, there is evidence that the humoral
immune response to repeated envenomations is greater, more ef-
fective at neutralizing venom effects, and longer lasting than that
of a single envenomation (7). Following natural envenomation,
the persistence of circulating antibodies is highly variable in peo-
ple and has been reported to be anywhere from 81 days after a puff
adder bite (Bitis arietans) (8) to 8 weeks following a king cobra bite
(Ophiophagus hannah) (7). Antibodies have persisted for 40 years
in a patient after being bitten by a black-necked spitting cobra
(Naja nigricollis) (9). Because people bitten multiple times often
have more mild venom effects, vaccination against venom has
long been attempted (10, 11). However, snake venoms seem to
make poor immunogens, and the duration of immunity is unpre-
dictable (10, 12, 13).
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The purpose of this study was to examine the immunologic
response to natural rattlesnake envenomation by measuring
venom antibody titers in horses bitten by rattlesnakes. Subse-
quently, we sought to compare immune response to natural en-
venomation with that stimulated by a commercial rattlesnake
toxoid vaccine. The immunologic response to vaccination in late-
gestation mares and colostral transfer of antivenom antibodies in
foals were also investigated.

(Portions of these data were presented at the 2011 ACVIM
Forum in Denver, CO.)

MATERIALS AND METHODS

Study population and data collection. This was a prospective observa-
tional study, including two distinct populations of horses. Sixteen horses
that presented to participating veterinary clinics with a clinical diagnosis
of rattlesnake bite were enrolled in the study. Areas where these horses
resided when bitten were the Texas Panhandle (13), western Oklahoma
(1), southeast Oklahoma (1), and central Oklahoma (1). The most com-
mon snakes in the area of the Texas panhandle and western Oklahoma
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TABLE 1 Demographics of study populations®

No. of horses Mean age (yrs) Sex Study group
6 2.5 Fe NE

6 6.8 G NE

1 NR Fe NE

1 NR G NE

2 NR NR NE

13 13.6 G \Y%

12 11.8 Fe \Y%

11 13.8 Fe/P \Y%

“ Fe, female; G, gelding; Fe/P, pregnant female; NE, naturally envenomated horses; V,
vaccinated horses; NR, not reported.

where 14 horses were located when bitten are the western diamondback
rattlesnake (Crotalus atrox) and the prairie rattlesnake (Crotalus viridis
viridis). The rattlesnakes most likely to reside in the area where the horse
was bitten in southeast Oklahoma are the pigmy rattlesnake (Sistrurus
miliarius streckeri) and timber rattlesnake (Crotalus horridus horridus).
The most common rattlesnakes residing in the area of central Oklahoma
where one horse resided are the pygmy rattlesnake and the timber rattle-
snake, with the western diamondback rattlesnake being a less likely can-
didate. There were 7 nongravid mares and 7 geldings. The mean age was
4.67 years (median, 4 years). (Table 1). The gender and age were not
reported for two horses, and two horses had gender but not age reported.
Serum samples were collected at the time of presentation, 11 days and 1
month following presentation, and frozen at —80°C until analysis was
performed. All horses had samples collected at presentation; however, not
all horses were available for both the 11-day and 1-month samples (Table
2).

Thirty-six healthy adult horses that are part of the university research
herd were enrolled in the toxoid vaccination portion of the study. These
horses had been owned by the university for a minimum of 1 year and had
not been bitten by a rattlesnake during this time. The exposure to rattle-
snakes prior to that time is unknown. These included 11 late-gestation
mares (>270 days), 12 nonpregnant mares, and 13 geldings. Ages ranged
from 4 to 20 years, with a mean age of 13.1 years (median, 13.5 years)
(Table 1). Each horse received three doses (2 ml) of a commercially avail-
able rattlesnake toxoid vaccine (Red Rock Biologics, Woodland, CA) in
the pectoral muscle at 30-day intervals. Serum samples were obtained
prior to administration of each vaccination and 30 days following the last
vaccination. All horses were monitored for adverse vaccine reactions.
Overall demeanor was observed, and the vaccination site was palpated 24
h after each vaccination. A visual examination was performed on days 7,
14, and 21 after each vaccination. All late-gestation mares were followed to
parturition, and the status of the foal at birth was noted. Serum was col-
lected from foals prior to their first suckle and at 24 h of age. Samples were
not available for 3 foals. All serum samples were stored at —80°C until
assayed. Horses with positive antivenom antibody titers prior to the first
vaccine were excluded from the study.

This study was approved by the Institutional Animal Care and Use
Committee at Oklahoma State University, and all legal and ethical guide-
lines for humane care were followed.

Venom antibody ELISA. Serum samples were assayed for antibod-
ies against crude Crotalus atrox venom using standard direct enzyme-
linked immunosorbent assay (ELISA) techniques (14). Anti-equine
alkaline phosphatase antibody (Sigma, St. Louis, MO) was used as a
detection antibody. Plates were read at 405 nm with a spectrophotom-
eter (THERMOmax microplate reader; Molecular Devices, Sunnyvale,
CA), and titers were calculated using a standard curve. A positive titer was
the minimum titer that would neutralize Crotalus atrox venom based on a
cell culture and mouse inoculation model. These venom neutralization
experiments were performed during product development of the rattle-
snake toxoid vaccine (unpublished data). Titers greater than 1:200 were
considered positive.
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TABLE 2 Sample timing and antivenom antibody titers of rattlesnake-
bitten horses

Time postpresentation of Antivenom
Horse sample collection antibody titer
1 0 130

11 days 1,370

1 mo 515
2 0 105

11 days 140

1 mo 245
3 0 100

11 days 825
4 0 95

1 mo 2,825
5 0 100

1 mo 5,860
6 0 85

1 mo 9,975
7 0 110

11 days 120
8 0 120

11 days 125

1 mo 1,435
9° 0 130
10 0 105

11 days 5,570
11 0 120

11 days 295
12¢ 0 4,250

11 days 17,060
13 0 135

11 days 925

1 mo 1,620
14 0 120

11 days 170
15 0 115

1 mo 6,130
16 0 95

11 days 33,600

“Horses 9 and 12 presented 1 week after being bitten.

Data analysis. In order to correct for the lack of normality and homo-
geneous variances, the data were transformed with a square root function.
A Student ¢ test was used to compare the venom antibody titers of horses
naturally envenomated to those receiving the rattlesnake toxoid vaccine.
Fisher’s exact test was used to assess differences in categorical titer levels of
vaccinated late-gestation pregnant mares versus nonpregnant vaccinated
horses (mares and geldings). Fisher’s exact test was also used to detect
differences between the number of vaccinated pregnant mares that had a
2-fold or greater increase in their venom antibody titer and the number of
vaccinated nonpregnant horses that had a similar increase.

cviasm.org 733


http://cvi.asm.org

Gilliam et al.

10000

8000

6000

Anti-venom Antibody Titer

3 é@

FIG 1 Peak antivenom antibody titers in vaccinated versus bitten horses.

RESULTS

Venom antibody titers were measured at presentation in 16 horses
with a clinical diagnosis of rattlesnake bite. Follow-up titers were
measured at 11 days in 7 horses, 1 month in 4 horses, and both 11
days and 1 month in 4 horses. One horse was not available for a
follow-up sample. Time after bite to initial presentation was <24
h in 14 horses and 1 week in 2 horses. All horses that presented
within 24 h of the bite had negative titers upon presentation. Five
horses had negative titers at 11 days postenvenomation. Three of
these five horses did not have 1-month samples available for assay.
The two that had 1-month samples assayed had positive titers at 1
month postpresentation. In horses where titers were measured at
both 11 days and 1 month, the highest titer was used for statistical
comparisons (Table 2).

Venom antibody titers were measured in 36 healthy research
horses at four time points, prior to the first vaccination and 30
days after receiving each of three doses of the rattlesnake toxoid
vaccine. Peak titers were used for statistical comparisons. Horses
bitten by a rattlesnake had significantly higher peak antibody titers
than horses receiving the rattlesnake toxoid vaccine (P = 0.001)
(Fig. 1). Ten of 36 horses (28%) showed no response to the vaccine
series; 3 of them were pregnant mares. Two horses developed a
peak titer 30 days after the first vaccination, 9 horses had a peak
titer 30 days after the second vaccination, and 15 horses developed
peak titers 30 days after the third vaccination (Fig. 2). Thirty days
after the last vaccination, 15 horses had increasing titers, while 11

Number of horses
=
o
1

FIG 2 Number of vaccinated horses with peak antivenom antibody titers 30
days after each vaccine dose.
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TABLE 3 Presuckle and 24 h after suckle antivenom antibody titers in
foals born to vaccinated mares®

No. of vaccines given Foal’s Foal’s 24-h
to mare prior to Mare’s titer at ~ presuckle  postsuckle

Horse  parturition parturition titer titer

28 3 120 95 125

30 2 375 105 280

31 3 200 110 185

32 2 125 75 175

35 1 100 80 95

36 1 125 90 140

37 1 195 90 115

39 2 125 105 105

“ Gray boxes indicate mare with positive titer at parturition.

horses’ titers were decreasing or unchanged. Eleven of the vacci-
nated horses were mares in late gestation, and all of them gave
birth to live, healthy foals. There was no difference in peak titers
between nonpregnant horses (mares and geldings) and pregnant
mares at any time point. Pre- and postsuckle serum samples were
available from 8 foals born to vaccinated mares. The mares were at
various stages in the vaccine series at foaling. Only one of the
mares had a positive titer prior to foaling. The foal born to this
mare had a positive postsuckle titer (Table 3).

All vaccinated horses were monitored for adverse vaccine re-
actions. Generalized enlargement of the pectoral muscle was
noted in three horses, and a firm knot at the injection site was
noted in two horses. The injection site reactions in these five
horses were monitored daily, and they all resolved within 21 days
without treatment. No changes in attitude or appetite were noted
in any of the vaccinated horses.

DISCUSSION

Horses have long been used for the production of commercial
antivenoms. The production of antibodies in horses vaccinated
with crude rattlesnake venom and venom components is well
studied (1, 2, 15-17); however, the antibody response of horses to
natural rattlesnake envenomation is not well documented. One
goal of this study was simply to document antibody titers in nat-
urally envenomated horses and to document the presence or ab-
sence of preexisting venom antibody titers. None of the horses in
this study had antibody titers within 24 h of being bitten. Docu-
mentation of previous envenomation was not available for these
horses. The absence of positive titers less than 24 h postbite in
these horses was most likely because this was their first exposure to
rattlesnake venom. Alternatively, the time since previous expo-
sure to rattlesnake venom could have exceeded the half-life of the
venom antibodies. There are various reports of the duration of
venom antibody titers in humans (7-9, 18, 19) following natural
snake envenomation. In goats experimentally envenomated with
Crotalus atrox venom, antibodies were short-lived (~60 days)
(13). Horses used for snake antivenom production must be re-
peatedly immunized in order to maintain adequate titers (20).
Repeated immunization protocols range from every 2 days (16) to
every 2 weeks (20), and there is a large variation in response
among individual horses (1). Therefore, it is possible that venom
antibody titers following natural envenomation do not persist for
prolonged periods of time. Three horses had negative postenveno-
mation titers; however, they did not have a sample drawn 1 month
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postenvenomation. There are a couple possible reasons for these
negative titers in the face of clinical signs of rattlesnake enveno-
mation. It is possible, and most likely, that this was these horses’
first exposure to rattlesnake venom and 11 days was too early to
detect a rise in titer. The immune response to venom is dependent
upon the structure and molecular mass of the venom toxins and
their relative abundance in venom, the dose of venom adminis-
tered, and the host’s ability to recognize the venom as foreign (21).
The hosts ability to recognize the venom as foreign may depend on
the route by which it enters the body, the animal’s ability to pro-
cess the venom toxins, and the genetic background of the individ-
ual horses (21). In humans bitten for the first time by Bothrops
jararaca, the increase in IgG occurred at 18 days postenvenoma-
tion (18), while those bitten two or more times developed titers by
day three (18). It is also possible that these horses received a dry
bite or a very small dose of venom that was enough to cause local
inflammation but not enough to result in a humoral immune
response. During the production of antivenom, it is frequently
noted that there can be marked differences in an individual ani-
mal’s response to venom (21, 22). It is possible that although these
horses were envenomated, they are not capable of mounting a
humoral immune response against the venom. Additionally, there
is a possibility that the assay used in this study was not able to
detect venom antibodies to the species of rattlesnake that had
bitten these horses. These horses came from areas of Oklahoma
and Texas where several rattlesnake species reside, along with the
broad-banded copperhead (Agkistrodon contortrix laticinctus) and
the water moccasin (Agkistrodon piscivorus). None of the snakes
that bit these horses were positively identified. Although the assay
used in this study was designed to detect antibodies against West-
ern diamondback rattlesnake (Crotalus atrox) venom, cross-reac-
tivity to multiple rattlesnake venoms has been demonstrated (23,
24). Strength of cross-reactivity varies depending on the species
being compared; thus, if a horse was bitten by a snake with weak
cross-reactivity with Crotalus atrox, this assay may not detect a
positive antivenom antibody titer (23). While this is possible, it is
unlikely to be the cause of the negative titers (25). Finally, the
effect of storage on antibody decomposition must be considered.
Long-term storage of serum samples at —20°C has been shown to
decrease measured immunoglobulin G concentrations (26).
However, storage at —80°C, as was done in this study, is consid-
ered the standard for samples to be assayed for immunoglobulin
concentration and has not been associated with a decrease in im-
munoglobulin concentrations in other species (27, 28); therefore,
it is unlikely that this affected antibody concentrations in our
study.

A second aim of this study was to compare titers of naturally
envenomated horses to those of horses vaccinated with a commer-
cially available rattlesnake toxoid vaccine. Titers in the naturally
envenomated horses were significantly higher than those in the
vaccinated horses. This could be due to a higher antigen load in the
naturally envenomated horses or due to a reduced immune re-
sponse to the detoxified venom in the vaccine. One primary dis-
advantage of immunization with a detoxified venom is the risk of
losing epitopes that are important in the immunogenicity of the
venom (21). Approximately 28% of the vaccinated horses did not
respond to the rattlesnake vaccine. This is not surprising based on
the individual animal variability that is seen in horses that are
given crude venom during the production of antivenoms (20, 21).
The anamnestic response to this commercial vaccine was also
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quite variable considering approximately half of the horses had
increasing titers 30 days after the third vaccine booster while half
had decreasing titers. The manufacturer’s recommendation is to
give boosters every 6 months after the initial series of three doses
given 30 days apart. It may be prudent to consider revising this
dosing schedule to booster the animal more frequently during the
rattlesnake season and not administer the vaccine during times
when the horse is highly unlikely to encounter a rattlesnake in
order to maintain peak titers during peak exposure times.

Eleven of the horses that were vaccinated were pregnant mares.
Pregnancy has been shown to downregulate the Th1 response of
the immune system and shift it more toward a Th2 response (29).
This would typically promote a more robust humoral immune
response; however, we did not detect a difference in the overall
antibody titers in the pregnant mares versus the nonpregnant
horses (mares and geldings).

Foals are immunocompetent at birth, but their immune sys-
tems have not been challenged (30). Since the mare’s placentation
is epitheliochorial, foals do not receive immunoglobulins in utero
and are completely dependent on colostral transfer for immuno-
globulins for the first weeks oflife (30). Mare’s colostrum contains
immunoglobulin G as well as immunoglobulin A, and foals re-
ceive these immunoglobulins through enteric absorption within
the first 24 h of life (31, 32). Pre- and postsuckle serum samples
were available only for foals from 8 of the 11 vaccinated mares, and
only 1 of these mares had a positive titer at parturition. The foal
from the mare with a positive titer had a negative presuckle titer
and a positive titer at 24 h of age. This result suggests that colostral
transfer of venom antibodies produced in response to the toxoid
vaccine may be possible. All the foals were born healthy, and no
adverse vaccine reactions were noted in the mares, indicating the
vaccine is safe to be given to late-gestation mares.

We hypothesized that the variability in clinical response to rat-
tlesnake envenomation in horses may be due to preexisting anti-
body titers in individuals that had been previously bitten. The
absence of preexisting antibodies in this population of horses in-
dicates the clinical variability was not due to preexisting antibody
titers; however, this may not be true in all populations. In humans
experiencing snake bite, there is evidence that preexisting titers
may protect against death but not against the local venom effects
(33-35). A person bitten by a death adder (Acanthophis sp.) that
had a preexisting antibody titer from a previous bite did not ex-
perience the typical neurotoxic signs, although they experienced
the local tissue effects of the venom (34). Horses bitten by rattle-
snakes typically experience significant local tissue effects but can
also have systemic effects, including cardiac damage (3-5). Similar
to this human case, preexisting antibodies whether from vaccina-
tion or natural envenomation may not prevent local tissue effects
but may have protective effects on other systemic effects, such as
cardiotoxicity. In most cases of envenomation, the onset of the
toxic effects of the venom are extremely rapid, and antibodies
would have to be in circulation at the time of envenomation to
make a difference (33); however, in some horses that are bitten by
rattlesnakes, evidence of cardiotoxicity is not seen for several days
after envenomation (3). The reason for this delay is unknown;
however, it has been hypothesized that it could be due in part to a
delay in venom release from the tissues at the bite site. Preexisting
antibodies and an anamnestic response to venom exposure may
be particularly helpful in these cases. Venom neutralization is not
an all-or-none phenomenon. Any amount of venom that is neu-
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tralized is effectively removed from the circulation, and therefore
there is less to exert toxic effects on the animal. Interestingly, three
horses were excluded from this study due to positive antivenom
antibody titers prior to receiving the rattlesnake vaccine. These
horses all received the vaccine series, and each of these horses had
what would be considered a robust response to the vaccine, with
titers greater than 1,000. These horses were donated to our uni-
versity, and no history could be gathered on them as far as previ-
ous rattlesnake exposure. It is likely that they had been previously
bitten; however, we could not rule out the possibility of a nonspe-
cific cross-reactivity whereby antibodies not specific to rattlesnake
venom reacted with the venom in this ELISA.

Antibodies that develop as a result of natural envenomation
may be functionally distinct from those produced in response to a
rattlesnake toxoid vaccine. As previously mentioned, one major
disadvantage to immunization with detoxified venom is the risk of
losing important epitopes and therefore having decreased immu-
nogenicity. Others have demonstrated that this can result in the
inability of antibodies made against detoxified venom to neutral-
ize native venom (21). However, in vitro studies performed during
the licensing of the product we used for vaccination demonstrated
venom neutralization with serum from horses vaccinated with the
rattlesnake toxoid vaccine in a cell culture model as well as a mu-
rine model (unpublished data). In the cell culture model, horses
were vaccinated and then serum was harvested. Serial dilutions of
serum and Crotalus atrox venom were added to cell culture, re-
placing the cell culture media. Cellular viability was then mea-
sured. In the murine model, serum from vaccinated horses and
control horses was mixed with Crotalus atrox venom. Mice were
injected intraperitoneally with either a venom-vaccinated horse
serum mixture or a venom-control horse serum mixture, and le-
thality was measured over a 72-h period. Cell survival was in-
creased more than 2-fold in the cells incubated with the serum-
venom mixture from vaccinated horses compared to the control.
All mice given the serum-venom mixture from vaccinated horses
survived, while all mice given the serum-venom mixture from
control horses died. These studies indicate venom neutralization
by the antibodies in vaccinated horses; however, challenge studies
in vaccinated horses have not been performed.

In conclusion, while horses develop anti-Crotalus atrox anti-
body titers to the commercially available rattlesnake toxoid vac-
cine, they are not as high as those that develop after natural rattle-
snake envenomation. The humoral immune responses of
individual horses to the vaccine and natural envenomation varied
greatly. The commercially available rattlesnake toxoid vaccine was
safe when administered to late-gestation mares, and there is evi-
dence that colostral transfer of venom antibodies will occur. Based
on existing literature, circulating titers may offer some protection
against the systemic effects of envenomation; however, the ability
of these titers to protect horses from the adverse effects of enven-
omation has not been tested in vivo.
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